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Abstract 
This paper describes a novel experimental release of CO2 into marine sediments designed to address both impact and 
monitoring uncertainties relating to a leak from CCS storage. The real world experiment enabled the realistic 
recreation of a leak in a complex structured sedimentary, hydrodynamic and biological environment, and the testing 
of various monitoring strategies in a controlled and quantified scenario. The results of the project, when fully 
analysed, will be used to inform a wide range of stakeholders. 
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1. Introduction 
 
The primary motivation for CCS is to reduce the emissions of CO2 from fossil fuel based energy 
production, mitigating climate induced environmental and economic damage [1]. Conversely, public 
concern and the long term experience of hydrocarbon extraction industries suggest it is prudent to 
consider the impacts of a leak from CCS and to establish robust monitoring strategies. For several 
countries, and in NW Europe in particular, the majority of geological storage opportunities for CO2 are 
located offshore, several hundreds of metres below relatively shallow shelf seas, e.g. [2]. These shelf seas 
are of significant economic and cultural importance [3]. 
 
Existing research into possible environmental impacts and monitoring of the geological storage of CO2 is 
largely based on laboratory e.g. [4] and analogue site studies [5]. Whilst these are of enormous use, they 
do not replicate (respectively) the complexity of the natural environment or the initial stages of leakage. 
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Several studies have shown that observed impacts of CO2 can depend on both direct effects and indirect 
effects such as release from predation or competition [6]. The initial evolution of flow pathways through 
shallow sediments and the ecosystem response to directional CO2 flow is generally unknown, however 
detecting the early stages of leakage is of importance for regulation and remediation. It is an open 
question as to how CO2 would present in the biotic zone, whether dissolved in pore water or as gas 
bubbles and whether this would change as leakage physically modified the geological and sediment 
structures. 
 
In response to this, the UK Research councils have funded a project QICS (Quantifying and Monitoring 
Potential Ecosystem Impacts of Geological Carbon Storage), that has developed a coupled experimental 
and modelling approach based around a unique real world release of CO2 beneath the sea-floor. Within 
this four year project the nature and probability of leakage (which is thought to be extremely small) will 
be investigated, potential environmental impacts will be quantified, methods of monitoring for leaks 
tested and predictive models designed. This work will inform operational and risk assessment procedures 
for future CCS installations. 
 
 
2. Approach 
Experiments investigating CO2 impacts on marine systems have proliferated since at least 2005, but most 
of these were conducted in laboratory based systems or enclosed mesocosms and crucially CO2 was 
introduced directly into the water. This work has been very informative, but none of it replicated the way 
CO2 from a potential CCS leak flowed from deep geological reservoirs. This is crucial because marine 
sediments are characterised by many strong vertical physical, chemical and biological gradients and 
animal behaviours which both affect and are affected by CO2. Hence CO2 flow from below has 
potentially a different impact from CO2 flowing from above.  
 
The requirement therefore, was to mimic realistically, on a very small scale, a leak event and monitor 
physical, chemical and ecological signals and impacts. Four key drivers determined our experimental 
design.  
 There is little understanding of how CO2 may flow through sea floor sediments.  
 A leak would be affected by complex tidal movements, and all of the hydrodynamic processes 
that are common to UK regional seas.  
 The ecological response in a complex real biological community is likely to differ from the 
response seen in restricted laboratory environments.  
 Noting the lack of recovery data from existing experiments, there is a need to assess recovery 
potential. 
 
These drivers therefore dictated that the release of CO2 was engineered directly into marine sediments. 
One key requirement was that the CO2 delivery system installation did not disturb the over lying 
sediment structure, creating artificial conduits for gas flow. Consequently the only appropriate and 
achievable experimental design involved drilling a narrow borehole from land terminating in 
unconsolidated sediments at a suitable depth below the sea floor (figure 1). 
 
2.1 Site selection and system installation 
The site chosen for the experiment had to fulfil a number of criteria, namely: 
 Geology suitable for drilling the majority of the bore hole in solid rock, minimising the risk of 
bore hole collapse. 
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Figure 1. Schematic of the QICS experiment.
Unconsolidated sediment depth above the bedrock of at least 10m. The depth of sediment 
protects against hydrostatic fracturing occurring as the drill breaks through into the sediments
ve the characteristics of flow through sediments.
A water column depth between 10-20m, shallow enough to permit diving, but deep enough to
allow investigation of the behaviour of CO2 plumes in a realistic water column.
Access to nearby land, suitable to deploy a drilling rig and CO2 injection system.
A sediment type that is typical of UK shelf seas.
Sediment fauna that is reasonably typical, vigorous and diverse.
Currents and tidal flow that are predictable and not extreme.
Absence of other pressure such as fishing or pollution.
Absence of significant recreational or aquaculture use.
Permission from the landowner and other users of the location.
Proximity to the UK scientific research diving facility, based at the SAMS laboratory, and to
general laboratory facilities and suitable boats.
Locating a suitable site was in itself a challenging and time consuming exercise, requiring geophysical
surveying of a number of candidate sites. The eventual site chosen was a semi enclosed bay situated at the
mouth of a sea loch in Western Scotland, within 5km of laboratory facilities (figure 2)
The project presented several engineering challenges. Drilling boreholes using directional drilling is an
established technology, however accurately terminating the bore underground and designing the bore in 
such a way to minimise the risk of CO2 escaping backwards or the drilling disturbing the overlying
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Figure 2. Geographical location of the release site. 
  
sediments was challenging. The risk in this respect was minimised by extensive surveying of the 
geological strata, identifying a location where the drill trajectory was extensively in bedrock, avoiding 
heterogenic glacial till deposits. Drilling accuracy (< 20cm over 350m achieved) was obtained by placing 
a magnetic induction loop on the sea floor in a known position. The bore hole was lined with welded 
sections of stainless steel pipe and the exterior annulus sealed with concrete. At the end of the pipe a 
bespoke 5 metre long well screen was placed to act as a diffuser to allow a flow of relatively small 
bubbles over a wide area with the hope of achieving an initially diffuse flow of CO2 into the sediments. 
The final position of the diffuser was 12m below sea floor in 12m (chart datum) of water, a little over 
300m offshore and 350m distant from the land station. 
 
2.2 Consultations, permissions and community interactions 
Any experiment that seeks to deliberately pollute even a minute part of the natural environment is 
inherently controversial, as is CCS itself in some circles. In order to maximise understanding and support, 
the project has employed a very deliberate staged communications strategy. To enable this, and to 
facilitate dialogue, the project assembled a stakeholder group with representatives from industry, 
regulators, NGOs, marine uses and the public. The stakeholder group provided a forum to optimise 
scientific relevance, engagement and communication strategies. 
 
From the outset the project has underlined that its role is neither to advocate nor criticise CCS, but is to 
generate knowledge that will be available to an inclusive range of stakeholders and facilitate the informed 
discussion and regulation of CCS. The project has taken care to both explain the experiment and obtain 
consent from a variety of relevant parties. As a novel experiment, no established regulatory pathway 
existed, this was advantageous, enabling direct engagement with individuals, rather than dictating an 
established bureaucracy. Key organisations in this process were the regulatory authority, in this case 
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Marine Scotland; the owners of the land site; Crown Estates, the statuary body responsible for the UK 
marine sediments; the Scottish Environmental Protection Agencies and the local planning authorities.  
 
Another central element of the communications strategy was to involve local communities who might 
interact with the experiment. A public consultation in the local village was held prior to work starting, 
both to inform people about the purpose and nature of the experiment and to ensure minimal disruption to 
normal activities. Additionally local markets were leafleted; the local media engaged and visits for local 
schools arranged. Information posters were displayed at the CO2 shore station and we ensured as much of 
a continued presence at the station as possible.  In communicating with concerned parties it has been 
useful to contrast the amount of CO2 released (on average 140 kg per day) and the expected area of 
disruption (of the order of 15m radius) with typical CO2 production rates of for example households and 
the areal disturbance caused by typical trawling activities. 
 
 
3. Experimental design. 
The experiment used a BACI (Before  After  Control  Impact) design. An epicentre (approximately 
10m radius around the release point) was defined along with two potentially lesser impacted regions at 
25m and 75m distant and a control site 400m distant. Each site was pre-surveyed to ensure consistency 
and hydrodynamic modelling, predicting the tidally driven dispersion of a CO2 plume used to select 
appropriate sampling sites. The CO2 release occurred over a 36 day period. An initial release flux was 
calculated to avoid exceeding hydrostatic pressure at the release point, in order to encourage a diffusive 
rather than explosive flow of CO2. Full survey campaigns were carried out prior to the drilling, 
immediately before the release and at approximately 7 and 30 days after the initiation of flow. Following 
the cessation of flow, surveys were carried out at 7, 30 and 90 days. Some instrumentation was deployed 
continuously and smaller surveys were carried out throughout the release period. 
 
Observations were designed to cover the physical  chemical  microbial  macro ecolgy continuum, 
including sediment, water column and atmospheric measurements. These included ADCP, CTD, sediment 
coring, water sampling for free gas, multibeam and chirp surveys, caged fauna, profiling landers, benthic 
chambers, cameras, electrode grids, various pH and pCO2 sensors and AUVs. A limiting factor for 
observations was space on the seafloor and the desire to minimise sediment disturbance whilst collecting 
cores so as not to create artificial pathways for CO2 flow. Another confounding factor was the 
unpredictable nature of the CO2 flow, consequently the observational programme was kept flexible. 
 
4. Initial results. 
 
4.1 Gas flow. 
Gas flow was initiated at 4 standard litres per minute (approximately 10kgs per day) and slowly increased 
to 32 lpm (~80kg/d) over a three day period. Small streams of bubbles were seen leaving the sea floor 
within a few hours of flow initiation. Flow rate was increased to 150 kg/d at 20 days and to 210 kg/d at 31 
days. Instabilities in the temperature control of the injection system at high flow rates prevented further 
increments, however it was assessed that the flow rate through the sediment was adequate for 
experimental needs (figure 3). Towards the end of the experiment approximately 25 bubble streams were 
seen spread over a radius of 10m, offset a few metres from the position of the sub-sediment release point 
(figure 4). 
 
4.2 Impacts 
The observational program finished in late September 2012, available data is preliminary and in some 
cases not yet fully analysed. Consequently definitive results are not presented here.  
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Figure 3. Log of CO2 injection rate and cumulative total of CO2 injected. 
 
 
 
 
 
Figure 4. Bubble streams photographed towards the end of the experiment. 
 
5. Future progress  
 
The next challenge is to synthesise the multiple observations and determine firstly the transport patterns 
and flow rates of the CO2 and secondly the ecosystem impacts. These will allow the development and 
evaluation of models of flow and impact in the penultimate phase of the project, then enabling 
extrapolation to a wider range of scenarios. 
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